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Abstract: 

Cancer remains one of the leading causes of morbidity and mortality worldwide despite substantial advances in 
diagnosis and treatment. Conventional therapeutic approaches, including chemotherapy, radiotherapy, surgery, 
and immunotherapy, are often limited by poor tumor selectivity, systemic toxicity, multidrug resistance, and 
inadequate drug accumulation at the disease site. Nanomedicine has emerged as a transformative strategy in 
oncology, offering innovative solutions for targeted drug delivery, improved pharmacokinetics, enhanced 
therapeutic efficacy, and reduced off-target toxicity. Owing to their unique physicochemical properties, 
nanoparticles can be engineered to overcome biological barriers associated with tumor progression and facilitate 
precise delivery of therapeutic and diagnostic agents. This review comprehensively discusses the fundamental 
principles of cancer nanomedicine, including tumor biology, barriers to drug delivery, and critical design 
considerations for nanocarrier development. Various classes of nanomaterials, including polymeric nanoparticles, 
lipid-based systems, inorganic nanomaterials, and emerging biomimetic platforms, are examined with respect to 
their structural characteristics, therapeutic applications, and translational potential. Particular emphasis is placed 
on tumor-targeting strategies, encompassing passive, active, and microenvironment-responsive approaches, as 
well as on the development of smart stimuli-responsive nanocarriers capable of controlled, site-specific drug 
release. Furthermore, recent advances in nanotechnology-enabled chemotherapy, combination therapy, gene and 
RNA delivery, immuno-nanomedicine, and theranostic platforms are highlighted. The integration of diagnostic 
imaging and therapeutic functions within multifunctional nanocarriers has enabled real-time monitoring of 
treatment response and personalized cancer management. In addition, challenges associated with safety, toxicity, 
large-scale manufacturing, regulatory approval, and clinical translation are critically evaluated. Emerging 
innovations, including artificial intelligence-driven nanocarrier design, biomimetic nanomedicines, and precision 
oncology approaches, are also explored as future directions for the field.Overall, cancer nanomedicine has evolved 
from a simple drug-delivery concept into a multifunctional therapeutic platform integrating targeted therapy, 
molecular imaging, immunomodulation, gene therapy, and personalized medicine. Continued interdisciplinary 
collaboration and technological innovation are expected to accelerate the clinical translation of next-generation 
nanomedicines, ultimately improving treatment outcomes and advancing precision cancer care. 
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1. Introduction  
1.1 Cancer Nanomedicine 

Cancer remains one of the leading causes of morbidity and mortality worldwide, accounting 
for millions of new diagnoses and deaths annually despite significant advances in diagnostic 
and therapeutic technologies¹. Conventional treatment modalities, including surgery, 
chemotherapy, and radiotherapy, have substantially improved patient outcomes; however, 
several critical limitations persist. These include non-specific systemic toxicity, inadequate 
tumor selectivity, multidrug resistance, unfavorable pharmacokinetic profiles, and insufficient 
drug accumulation at tumor sites². Consequently, there is a growing need for innovative 
therapeutic strategies capable of selectively targeting malignant tissues while minimizing 
damage to healthy cells. 

Nanomedicine has emerged as a promising interdisciplinary field that integrates 
nanotechnology with oncology to improve cancer diagnosis, treatment, and monitoring³. 
Nanomedicine utilizes nanoscale materials, typically ranging from 1 to 200 nm in size, 
engineered to interact with biological systems at the molecular and cellular levels⁴. Owing to 
their unique physicochemical properties, including high surface-area-to-volume ratios, tunable 
surface chemistry, and controlled drug-release capabilities, nanoparticles serve as efficient 
carriers for therapeutic and diagnostic agents. These nanocarriers can protect encapsulated 
drugs from premature degradation, enhance aqueous solubility, improve pharmacokinetic 
behavior, prolong systemic circulation, and facilitate targeted drug delivery⁵. 

The application of nanotechnology in oncology is particularly advantageous due to the 
distinctive characteristics of the tumor microenvironment. Solid tumors often exhibit abnormal 
vasculature, impaired lymphatic drainage, hypoxia, acidic pH conditions, and heterogeneous 
cellular composition⁶. These pathological features create opportunities for selective 
nanoparticle accumulation through passive targeting mechanisms, such as the enhanced 
permeability and retention (EPR) effect, while also enabling the development of active 
targeting strategies using tumor-specific ligands⁷. Consequently, nanomedicine can 
significantly improve the therapeutic index of anticancer agents by increasing drug 
concentration within tumors and reducing systemic exposure. 

Over the past two decades, numerous nanomedicine-based formulations have progressed from 
preclinical development to clinical evaluation, demonstrating improved efficacy, enhanced 
bioavailability, and reduced toxicity compared with conventional therapies⁸. Beyond drug 
delivery, the scope of cancer nanomedicine has expanded to encompass diagnostic and 
theranostic applications. Theranostic nanoparticles integrate imaging and therapeutic 
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 functionalities within a single platform, enabling real-time visualization of drug 

biodistribution, monitoring of therapeutic responses, and assessment of treatment resistance⁹. 
Such multifunctional systems support personalized treatment strategies by allowing clinicians 
to tailor therapeutic interventions according to individual patient characteristics and disease 
progression. 

Recent advancements in nanotechnology have further facilitated the clinical translation of 
nucleic acid-based therapeutics, including small interfering RNA (siRNA), messenger RNA 
(mRNA), and gene-editing platforms, which would otherwise suffer from poor stability and 
rapid degradation under physiological conditions¹⁰. In addition, nanotechnology has become 
increasingly integrated with cancer immunotherapy, enhancing antigen delivery, improving 
immune-cell activation, and augmenting the therapeutic efficacy of immune checkpoint 
inhibitors and cancer vaccines¹¹. These developments have established nanomedicine as a 
critical component of next-generation precision oncology. 

Despite remarkable progress, several challenges continue to hinder the widespread clinical 
implementation of cancer nanomedicines. Large-scale manufacturing remains a major obstacle 
due to difficulties in maintaining batch-to-batch reproducibility, physicochemical stability, and 
quality control during production¹². Furthermore, concerns regarding long-term safety, 
regulatory approval pathways, pharmacokinetic variability among patients, and the predictive 
value of preclinical models continue to complicate clinical translation¹³. Addressing these 
challenges requires a multidisciplinary approach involving tumor biology, materials science, 
pharmaceutical engineering, clinical oncology, and regulatory sciences. 

This review explores the fundamental principles of cancer nanomedicine, including 
nanoparticle design strategies, mechanisms of tumor targeting, therapeutic and diagnostic 
applications, and emerging theranostic platforms. Additionally, it discusses current 
translational challenges and future opportunities for developing safer, more effective, and 
clinically relevant nanomedicine-based interventions for cancer management. 

 
Figure 1: Conceptual comparison of traditional cancer therapies and nanomedicine-based 
targeted drug delivery. 
 

32



 
 
 

 Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)    
ISSN: 3049-3757 | Vol. 02, Issue-04, July-August |2026, pp. 30-48 

Journal of Pharmacology, Genetics and Molecular Biology (JPGMB) 

ISSN: 3049-3757 | Vol. 02, Issue-04, July-August | 2026 
  

1.2 Tumor Biology and Barriers to Drug Delivery 

Cancer treatment remains challenging because of the highly heterogeneous nature of tumors 
and the complexity of the tumor microenvironment (TME). Unlike normal tissues, solid tumors 
develop within a pathological microenvironment characterized by abnormal angiogenesis, 
elevated interstitial fluid pressure (IFP), hypoxia, acidosis, dense extracellular matrix (ECM) 
deposition, and extensive cellular heterogeneity. These features collectively create substantial 
biological and physiological barriers that limit the effective delivery, penetration, and retention 
of therapeutic agents, ultimately contributing to treatment failure and drug resistance¹³. 

One of the most prominent hallmarks of tumor biology is the presence of abnormal vasculature 
resulting from uncontrolled angiogenesis. Tumor blood vessels are structururally irregular, 
exhibiting heterogeneous diameters, discontinuous endothelial linings, poor pericyte coverage, 
and increased permeability. Although these abnormalities facilitate the extravasation of 
macromolecules and nanoparticles through the enhanced permeability and retention (EPR) 
effect, they also generate heterogeneous blood flow and poor tissue perfusion, leading to 
uneven drug distribution throughout the tumor mass¹⁴˒¹⁵. Consequently, certain tumor regions 
receive insufficient therapeutic exposure, thereby promoting the survival of resistant cancer 
cell populations. 

Elevated interstitial fluid pressure represents another major obstacle to efficient drug delivery. 
Owing to dysfunctional lymphatic drainage and vascular leakage, fluid accumulates within 
tumor tissues, creating pressure gradients that oppose the convective transport of therapeutic 
agents from blood vessels into the tumor interstitium¹⁶. As a result, both conventional 
chemotherapeutics and nanoparticle-based formulations often remain concentrated in 
perivascular regions, while poorly perfused tumor cores receive inadequate treatment. 

The extracellular matrix further restricts drug penetration within tumors. Compared with 
normal tissues, tumor-associated ECM is frequently enriched with collagen, fibronectin, 
hyaluronic acid, and other stromal components that increase tissue density and mechanical 
stiffness. This dense matrix acts as a physical barrier that impedes the diffusion of therapeutic 
molecules and nanocarriers while simultaneously influencing cellular signaling pathways 
associated with tumor progression and therapeutic resistance¹⁷. Cancer-associated fibroblasts 
actively remodel the ECM, further reinforcing transport barriers and reducing treatment 
efficacy. 

Intratumoral heterogeneity presents an additional challenge for successful cancer therapy. 
Tumors consist of genetically, epigenetically, and phenotypically diverse cancer cell 
populations coexisting with stromal cells, immune cells, endothelial cells, and extracellular 
components. These distinct cellular populations often exhibit variable responses to therapeutic 
interventions, facilitating the emergence of drug-resistant subclones and limiting the 
effectiveness of single-target treatment strategies¹⁸. Consequently, achieving uniform drug 
distribution and therapeutic activity across all tumor compartments remains exceedingly 
difficult. 
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 The tumor microenvironment also exhibits profound metabolic abnormalities. Poor vascular 

perfusion combined with high metabolic demand generates regions of hypoxia and acidosis, 
which significantly influence drug transport, cellular uptake, and nanoparticle stability¹⁹. 
Hypoxic conditions activate adaptive survival pathways that promote tumor aggressiveness and 
resistance to chemotherapy, radiotherapy, and immunotherapy. Similarly, acidic extracellular 
pH can alter drug ionization and compromise the stability and performance of nanocarrier 
systems. 

At the cellular level, multiple biological barriers further hinder therapeutic efficacy. The 
plasma membrane serves as a selective barrier that restricts intracellular drug entry, while 
endosomal sequestration and efflux transporters such as P-glycoprotein (P-gp) actively reduce 
intracellular drug accumulation²⁰. These mechanisms contribute substantially to multidrug 
resistance and limit the therapeutic effectiveness of many anticancer agents. For nucleic acid-
based therapeutics and biological drugs, successful treatment requires not only efficient cellular 
uptake but also effective escape from endosomal compartments before degradation occurs²¹. 

1.3 Design Principles of Nanocarriers 

The successful application of nanomedicine in oncology depends on the rational design of 
nanocarriers capable of overcoming systemic, tissue-level, and cellular barriers. Nanocarrier 
design requires careful optimization of physicochemical characteristics, including particle size, 
shape, surface properties, material composition, and drug-release behavior, to achieve 
favorable pharmacokinetics, enhanced tumor accumulation, efficient tissue penetration, and 
minimal off-target toxicity²². 

Particle size is among the most critical determinants of nanocarrier biodistribution and 
therapeutic performance. Nanoparticles smaller than approximately 5–8 nm are rapidly 
eliminated through renal clearance, whereas particles larger than 200 nm are readily recognized 
and removed by the mononuclear phagocyte system (MPS), particularly in the liver and 
spleen²³. Nanocarriers within the optimal size range of approximately 20–150 nm generally 
exhibits prolonged circulation times and improved tumor accumulation via the EPR effect. 
However, the ideal particle size varies depending on tumor vascular permeability, stromal 
composition, and interstitial pressure, highlighting the need for tumor-specific nanocarrier 
engineering²⁴. 

Nanoparticle shape and mechanical properties also significantly influence biological behavior. 
While most clinically approved nanomedicines utilize spherical particles, alternative 
geometries such as rod-shaped nanoparticles, filamentous micelles, and disc-shaped structures 
have demonstrated prolonged circulation and reduced macrophage uptake in preclinical 
studies²⁵˒²⁶. Similarly, particle rigidity affects biodistribution and tumor penetration. Soft and 
deformable nanocarriers often display superior extravasation and deeper penetration into tumor 
tissues compared with rigid nanoparticles²⁷. 

Surface characteristics play a crucial role in determining interactions between nanocarriers and 
biological systems. Positively charged nanoparticles typically exhibit enhanced cellular uptake 
but may also promote protein adsorption, complement activation, and systemic toxicity²⁸. In 
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 contrast, neutral or slightly negatively charged particles generally demonstrate improved 

circulation stability and reduced immune recognition. Surface modification with hydrophilic 
polymers such as polyethylene glycol (PEG) has been widely employed to extend circulation 
time and reduce opsonization. However, repeated administration of PEGylated nanoparticles 
may induce anti-PEG antibodies, resulting in accelerated blood clearance and reduced 
therapeutic efficacy²⁹. Consequently, alternative stealth coatings and biomimetic surface 
engineering strategies are being actively investigated. 

Material composition further influences drug-loading capacity, degradation kinetics, safety, 
and clinical translatability. Lipid-based and polymeric nanocarriers offer excellent 
biocompatibility and tunable release profiles, whereas inorganic nanoparticles provide unique 
imaging capabilities and responsiveness to external stimuli³⁰. Importantly, biodegradability and 
metabolite safety remain essential considerations, as non-degradable materials may accumulate 
in healthy tissues and raise long-term toxicity concerns. 

Drug-loading strategies and release mechanisms constitute additional critical design 
parameters. Effective nanocarriers must achieve high drug encapsulation efficiency while 
minimizing premature drug leakage during circulation. Controlled drug release can be achieved 
through diffusion, matrix degradation, or stimuli-responsive mechanisms triggered by pH, 
enzymes, redox conditions, temperature, or external energy sources³¹. Furthermore, for nucleic 
acid and protein therapeutics, successful endosomal escape remains a major challenge. To 
address this limitation, advanced nanocarrier systems increasingly incorporate pH-responsive, 
membrane-disruptive, or redox-sensitive components that facilitate cytosolic delivery and 
enhance therapeutic efficacy³². 

Table :1: Design Parameters of Nanocarriers and Their Biological Implications 

Parameter Characteristics Biological Impact Reference 

Nanoparticle size 20-150nm 

increased tumor 
accumulation, short 
half-life, avoid renal 
clearance 

23 

NanoParticle shape 
rod-shaped, 
filamentous micelles, 
disk shape 

Alteration in 
margination, increase 
in macrophage 
uptake, increase 
internalization of cell 

26 

Surface charge Neutral to slight 
negative 

Low protein 
absorption to increase 
circulation stability 

29 

Material composition Polymeric, 
lipid-based 

Low protein 
opsonization to 
increase circulation 
time 
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1.4 Polymeric and Lipid-Based Nanoparticles 

Polymeric and lipid-based nanoparticles represent the most extensively investigated 
nanocarrier platforms in cancer nanomedicine owing to their excellent biocompatibility, 
structural versatility, and tunable drug delivery characteristics³³. These systems have 
demonstrated significant potential for overcoming the pharmacokinetic and pharmacodynamic 
limitations associated with conventional anticancer therapies by enabling controlled drug 
release, enhancing tumor accumulation, and minimizing systemic toxicity. Their adaptable 
physicochemical properties allow for the optimization of therapeutic efficacy while improving 
the safety profile of anticancer agents. 

Among polymeric nanocarriers, biodegradable polymers such as poly(lactic-co-glycolic acid) 
(PLGA), poly(lactic acid) (PLA), polycaprolactone (PCL), chitosan, and alginate have received 
considerable attention for cancer drug delivery applications³⁴. The chemical flexibility of these 
materials enables precise control over particle size, surface characteristics, drug-loading 
capacity, and degradation kinetics. Therapeutic agents may be physically encapsulated within 
the polymeric matrix or chemically conjugated to polymer backbones, allowing sustained and 
predictable drug release through mechanisms involving polymer degradation and diffusion. 
Polymeric nanoparticles have proven effective for the delivery of hydrophobic 
chemotherapeutic agents, proteins, peptides, and nucleic acid therapeutics. Furthermore, 
surface functionalization strategies can impart active targeting capabilities and stealth 
properties, thereby improving tumor selectivity and prolonging systemic circulation. Despite 
these advantages, challenges including burst drug release, formulation complexity, 
manufacturing scalability, and batch-to-batch reproducibility continue to limit broader clinical 
translation³⁵. 

Polymeric micelles constitute a specialized class of self-assembled nanocarriers formed from 
amphiphilic block copolymers. These nanostructures possess a hydrophobic core surrounded 
by a hydrophilic corona, making them particularly suitable for the solubilization and delivery 

Surface chemistry polyethylene 
glycosylation 

Drug loading 
determination, 
stimulus 
responsiveness 

29 

Drug loading 
Encapsulation, 
adsorption, covalent 
conjugation 

Drug cargo 
protection, enhance 
solubility and stability 

31 

Drug release 

Diffusion-controlled, 
degradation-
mediated, stimuli-
responsive 

Temporal control of 
drug action 30 

Intracellular 
trafficking 

pH-responsive or 
membrane-disruptive 
elements 

Enhance cytosolic 
delivery 
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 of poorly water-soluble anticancer drugs³⁶. Encapsulation within the hydrophobic core 

enhances drug stability, improves aqueous solubility, and prolongs circulation time relative to 
free drug molecules. Several micellar formulations have demonstrated encouraging outcomes 
in preclinical and clinical studies. Nevertheless, micellar systems remain susceptible to 
dilution-induced dissociation following intravenous administration, potentially leading to 
premature drug leakage and reduced therapeutic efficiency³⁷. 

Lipid-based nanoparticles have emerged as one of the most clinically successful nanomedicine 
platforms. This category includes liposomes, solid lipid nanoparticles (SLNs), nanostructured 
lipid carriers (NLCs), and lipid nanoparticles (LNPs), all of which exhibit favorable 
biocompatibility and versatile drug-loading capabilities³⁸. Liposomes are composed of 
phospholipid bilayers enclosing aqueous compartments capable of accommodating both 
hydrophilic and hydrophobic therapeutic agents. Due to their biomimetic structure and 
excellent safety profile, liposomal formulations have been widely adopted for cancer therapy. 
Surface modification through polyethylene glycol (PEG) conjugation further enhances 
circulation half-life and reduces immune system recognition, thereby increasing tumor 
accumulation via passive targeting mechanisms³⁹. Several liposomal anticancer formulations 
have received regulatory approval, highlighting the successful clinical translation of lipid-
based nanomedicines. 

More recently, lipid nanoparticles have gained considerable attention as efficient carriers for 
nucleic acid therapeutics, including small interfering RNA (siRNA), messenger RNA 
(mRNA), and gene-editing systems⁴⁰. A critical component of these systems is the 
incorporation of ionizable lipids, which facilitate endosomal escape and promote efficient 
intracellular delivery of genetic cargo. Consequently, lipid nanoparticles have become 
attractive platforms for gene-based cancer therapies and precision medicine applications. 
Despite their therapeutic promise, lipid-based systems are not without limitations. Potential 
challenges include infusion-related adverse reactions, hepatic accumulation, immunogenicity, 
and formulation-dependent toxicity. Therefore, careful selection of lipid components and 
optimization of manufacturing processes remain essential for maximizing therapeutic 
performance and clinical safety⁴¹. 
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 Figure 2: Comparison of polymeric and lipid-based nanoparticle platforms used in cancer 

nanomedicine. Created in https://BioRender.com 

1.5 Inorganic and Emerging Nanomaterials 

Inorganic nanomaterials have emerged as highly versatile platforms in cancer nanomedicine 
due to their unique physicochemical properties that extend beyond the capabilities of 
conventional polymeric and lipid-based systems. These nanomaterials possess tunable optical, 
magnetic, electrical, and catalytic characteristics, enabling their application in drug delivery, 
molecular imaging, biosensing, and externally triggered therapeutic interventions⁴². 

Among inorganic nanomaterials, gold nanoparticles (AuNPs) have attracted considerable 
attention owing to their remarkable surface plasmon resonance properties. Their optical 
behavior can be precisely tuned by controlling particle size and morphology, making them 
highly suitable for photothermal therapy, image-guided treatment, radiosensitization, and 
multimodal cancer theranostics. Furthermore, gold nanoparticles can be readily functionalized 
with targeting ligands, therapeutic agents, and surface polymers, allowing simultaneous 
diagnostic and therapeutic applications. Despite these advantages, concerns regarding long-
term tissue accumulation, limited biodegradability, and potential cytotoxicity necessitate 
careful optimization of particle size, surface chemistry, and dosing strategies⁴³. 

Iron oxide nanoparticles represent another important class of inorganic nanocarriers with 
significant applications in magnetic resonance imaging (MRI), magnetic targeting, and 
hyperthermia-based cancer therapy. Their superparamagnetic properties enable tumor 
localization using external magnetic fields while facilitating image-guided therapeutic 
interventions. Exposure to alternating magnetic fields can generate localized hyperthermia, 
inducing selective tumor cell destruction. Although preclinical studies have demonstrated 
encouraging outcomes, challenges including nanoparticle aggregation, nonspecific organ 
accumulation, and dose-dependent toxicity continue to hinder widespread clinical translation⁴⁴. 

Silica-based nanomaterials, particularly mesoporous silica nanoparticles (MSNs), have gained 
considerable interest because of their exceptionally high surface area, tunable pore architecture, 
and excellent physicochemical stability. These features enable high drug-loading efficiency 
and precise control over drug-release kinetics. Surface modification with targeting ligands and 
stimuli-responsive gatekeepers further enhances their therapeutic performance. Nevertheless, 
concerns regarding slow biodegradation, prolonged tissue retention, and long-term 
biocompatibility remain significant barriers to clinical application⁴⁴. 

Carbon-based nanomaterials, including carbon nanotubes, graphene derivatives, graphene 
oxide, and carbon quantum dots, have also been extensively investigated for cancer therapy. 
These materials exhibit unique mechanical strength, electrical conductivity, photothermal 
conversion efficiency, and large surface areas suitable for drug loading. In addition to serving 
as drug and nucleic acid carriers, carbon nanomaterials have shown promise in cancer imaging, 
photothermal ablation, and biosensing applications. However, their intrinsic hydrophobicity, 
potential immunogenicity, and long-term persistence within biological tissues necessitate 
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 extensive surface engineering and comprehensive toxicity evaluation before clinical 

implementation⁴⁵. 

Recent advances have further expanded the field toward emerging nanomaterials, including 
biomimetic nanocarriers, hybrid organic-inorganic nanocomposites, and multifunctional 
stimuli-responsive systems. Biomimetic nanoparticles utilize natural biological membranes 
derived from erythrocytes, platelets, leukocytes, or cancer cells to evade immune surveillance 
and enhance tumor targeting. Hybrid nanomaterials combine the advantageous properties of 
multiple material classes, enabling simultaneous imaging, targeted drug delivery, and 
therapeutic intervention within a single platform. Collectively, these emerging technologies 
significantly broaden the functional capabilities of cancer nanomedicine while offering 
opportunities for precision oncology and personalized treatment strategies⁴⁶. Nevertheless, 
challenges associated with biodegradability, safety, manufacturing scalability, and regulatory 
approval must be addressed to facilitate successful clinical translation⁴⁷. 

1.6 Targeting Strategies in Nanodrug Delivery 

Targeting strategies constitute a fundamental component of cancer nanomedicine, aiming to 
maximize therapeutic efficacy while minimizing systemic toxicity. Unlike conventional 
chemotherapeutic agents, which distribute non-selectively throughout the body, nanocarrier-
based systems can be rationally engineered to preferentially accumulate within tumors and 
selectively interact with malignant cells⁴⁸. Current nanomedicine approaches primarily employ 
passive targeting, active targeting, and biological or microenvironment-responsive targeting 
mechanisms⁴⁹. 

Passive targeting exploits the unique pathophysiological characteristics of solid tumors, 
particularly the enhanced permeability and retention (EPR) effect. Tumor vasculature is 
typically characterized by abnormal endothelial architecture, large fenestrations, and impaired 
lymphatic drainage, allowing nanoparticles of appropriate size to extravasate and accumulate 
within tumor tissues more efficiently than in healthy organs⁵⁰. However, reliance solely on 
passive targeting often results in variable therapeutic outcomes because tumor vascular 
permeability, stromal density, and interstitial fluid pressure differ substantially among patients 
and tumor types. Consequently, nanoparticle distribution within tumors remains highly 
heterogeneous, limiting treatment effectiveness⁴⁹˒⁵⁰. 

Active targeting seeks to improve cellular specificity through surface functionalization of 
nanocarriers with ligands capable of recognizing overexpressed receptors on cancer cells or 
tumor-associated tissues. Common targeting ligands include monoclonal antibodies, peptides, 
aptamers, carbohydrates, and small molecules such as folic acid. Upon ligand-receptor 
interaction, receptor-mediated endocytosis facilitates enhanced intracellular uptake and 
retention of therapeutic payloads within target cells⁵¹. Although active targeting does not 
necessarily increase total tumor accumulation, it significantly improves cellular internalization 
and therapeutic selectivity. Nevertheless, challenges such as receptor heterogeneity, variable 
receptor expression, ligand density optimization, and potential immunogenic responses 
continue to affect clinical performance. 
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 Biological and microenvironment-responsive targeting strategies represent a more advanced 

approach that exploits unique biological features of tumors, including altered metabolism, 
immune interactions, hypoxia, acidity, and enzymatic activity. Biomimetic nanocarriers coated 
with natural cell membranes can evade immune clearance and leverage endogenous biological 
recognition pathways to achieve prolonged circulation and enhanced tumor homing⁵². By 
mimicking native cellular functions, these systems often exhibit improved biocompatibility and 
targeting efficiency without requiring synthetic targeting ligands⁵³. Such approaches are 
increasingly being integrated with conventional targeting strategies to improve therapeutic 
precision and overcome biological barriers associated with cancer drug delivery. 

1.7 Smart and Functional Nanomedicine Platforms for Cancer Therapy 

The development of smart and multifunctional nanomedicine platforms has transformed the 
landscape of cancer therapy by enabling dynamic interactions between nanocarriers and the 
tumor microenvironment. Unlike conventional delivery systems that rely primarily on passive 
accumulation or receptor-mediated targeting, smart nanomedicines possess responsive 
functionalities that facilitate controlled drug release, enhanced intracellular delivery, and 
synergistic therapeutic effects⁵⁴. These advanced systems are specifically designed to improve 
treatment precision, overcome therapeutic resistance, and minimize off-target toxicity. 

 

1.7.1 Stimuli-Responsive and Smart Nanocarriers 

Stimuli-responsive nanocarriers are engineered to release therapeutic payloads selectively in 
response to specific endogenous or exogenous triggers. These systems exploit physiological 
differences between tumor tissues and normal tissues to achieve site-specific drug delivery and 
controlled therapeutic activation. 

Among endogenous stimuli, acidic pH, elevated intracellular glutathione concentrations, 
reactive oxygen species, and tumor-associated enzymes are the most extensively investigated 
triggers. The extracellular environment of many tumors exhibits mild acidity, while 
intracellular endosomal and lysosomal compartments possess even lower pH values. pH-
responsive nanocarriers utilize protonation-induced structural destabilization to trigger 
selective drug release within tumor tissues or intracellular compartments⁵⁵. Similarly, redox-
responsive systems exploit the elevated glutathione concentrations found in cancer cells, 
enabling intracellular cleavage of disulfide bonds and subsequent release of therapeutic agents. 
Enzyme-responsive nanocarriers further enhance selectivity by utilizing tumor-associated 
proteases, such as matrix metalloproteinases and cathepsins, to activate drug release 
specifically within the tumor microenvironment³². 

Exogenous stimuli, including light, ultrasound, heat, and magnetic fields, provide an additional 
level of control over therapeutic activation. These externally triggered systems allow clinicians 
to precisely regulate the timing and location of drug release, often in conjunction with imaging-
guided treatment strategies. Photothermal and photodynamic nanomedicines, for example, 
utilize near-infrared light to activate therapeutic responses selectively within tumor tissues. 
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 Similarly, magnetic and ultrasound-responsive platforms enable non-invasive modulation of 

drug release and therapeutic efficacy⁵⁶. Despite their considerable promise, the clinical 
implementation of these technologies remains constrained by factors such as limited tissue 
penetration depth, equipment requirements, and challenges associated with large-scale 
manufacturing and standardization. 

Collectively, stimuli-responsive nanocarriers represent a major advancement toward precision 
oncology by providing spatiotemporal control over therapeutic delivery, reducing systemic 
exposure, and enhancing treatment outcomes in diverse cancer types. 

1.8 Conclusion 

Cancer nanomedicine has advanced from a conceptual strategy for improving drug delivery 
into a broad and multifunctional discipline that integrates nanocarrier engineering, tumor 
biology, targeting science, and theranostic innovation. The rational design of nanocarriers, 
guided by careful control of particle size, shape, surface chemistry, and material composition, 
has enabled substantial improvements in circulation time, tumor accumulation, and controlled 
drug release. Polymeric, lipid-based, and inorganic nanomaterials each offer distinct 
advantages, and their continued refinement, together with the emergence of biomimetic and 
hybrid platforms, has expanded the functional scope of nanomedicine well beyond simple drug 
encapsulation. 

Targeting strategies, spanning passive accumulation, active receptor-mediated recognition, and 
biological or microenvironment-responsive approaches, have collectively improved the 
precision with which therapeutic agents reach malignant tissue while sparing healthy organs. 
The development of stimuli-responsive and smart nanocarrier systems further reinforces this 
progress by allowing spatiotemporal control over drug release, thereby enhancing therapeutic 
index and reducing systemic toxicity. Nonetheless, translating these advances into routine 
clinical practice remains constrained by challenges in large-scale manufacturing, batch-to-
batch reproducibility, long-term biocompatibility, and the complexity of regulatory approval 
pathways. 

Looking forward, continued interdisciplinary collaboration among materials scientists, tumor 
biologists, clinicians, and regulatory bodies will be essential to bridge the gap between 
preclinical promise and clinical translation. Emerging directions, including artificial 
intelligence-guided nanocarrier design, biomimetic engineering, and integrated theranostic 
platforms, hold considerable potential to further personalize cancer treatment. With sustained 
innovation and rigorous evaluation of safety and efficacy, cancer nanomedicine is well 
positioned to become an increasingly central pillar of precision oncology, ultimately improving 
therapeutic outcomes and quality of life for cancer patients. 
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